Desmaz.), is one of most economically important diseases of canola (21) . In the past decade, canola production has expanded significantly worldwide and interest in the blackleg fungus, particularly its biology, pathogenicity, and control, has increased.
Blackleg of canola is a disease complex and consists of at least two types of fungal isolates: L. biglobosa (32) , which is weakly virulent and classified as B group or type isolates; and L. maculans, which is aggressive, highly virulent, and classified as A group or type isolates (22) . L. biglobosa typically causes Phoma leaf spots or superficial stem lesions, but L. maculans causes the more serious stem cankers. Based on the pathogenicity of isolates to three B. napus cultivars, Westar (susceptible), Glacier (Rlm2 and Rlm3 resistance genes), and Quinta (Rlm1 and Rlm4 resistance genes), the pathogen complex can be categorized into several pathogenicity groups (PGs) (26) . L. biglobosa belongs to PG-1 and L. maculans comprises PG-2, PG-3, and PG-4. In addition to isolates of L. biglobosa, isolates in A group causing an incompatible reaction on resistant cultivars also are termed weakly virulent isolates of L. maculans (30) .
Induced resistance to disease in plants is a state of enhanced plant defense capacity dependent on the host plant's physical and chemical barriers, activated by biotic or abiotic agents (3) . Weakly virulent isolates have been shown to induce resistance in the host plant against virulent isolates in many pathosystems. Two avirulent races of Fusarium oxysporum f. sp. niveum induced resistance to Fusarium wilt of watermelon when challenged with a virulent race (24) . Weakly virulent strains of Phytophthora infestans induced systemic resistance in potato to late blight (33) and avirulent isolates activated systemic resistance in broccoli against downy mildew (27) . Nonpathogenic races of F. oxysporum f. sp. ciceris and F. oxysporum f. sp. lycopersici induced resistance to Fusarium wilt in chickpea and tomato (16, 20) . Similarly, resistance in a susceptible mustard cultivar to the highly virulent Alternaria brassicae isolate A and moderately virulent isolate C was induced using the avirulent isolate D (35) .
In the Brassica spp.-blackleg system, a rapid necrosis of guard cells in the leaves of Indian mustard occurred following inoculation of a resistant cultivar with an avirulent isolate of L. maculans (9) . A hypersensitive reaction (HR) and an accumulation of phytoalexins were detected in Brassica spp. after inoculation with a weakly virulent isolate of L. maculans (28) . An elicitin, cryptogein, and a weakly virulent isolate of blackleg pathogen both were capable of triggering HR on cotyledons of B. napus (30) . Accumulation of pectin in the lumen of xylem vessels and the production of callose and lignin were confirmed to play a role in inhibiting systemic infection caused by L. maculans (19) . In addition, induction of pathogenesis-related (PR) proteins, β-1,3-glucanase and chitinase, also has been documented (10) .
The above studies were focused on the induction of HR in Brassica plants by preinoculation with a weakly virulent isolate. It might be beneficial, however, if weakly virulent isolates of L. biglobosa (PG-1) could trigger systemic acquired resistance (SAR) instead of the HR, because SAR can provide the plant with longer-lasting protection against a broad spectrum of pathogens.
SAR has been described in over 30 plant species (3) and elicitors of SAR comprise both biotic and abiotic agents. Mahuku et al. (23) reported SAR in canola to blackleg when a weakly virulent isolate was introduced 64 h prior to infection by a highly virulent isolate. In addition, the size of the lesions on the inoculated leaf and on neighboring leaves (above and below the inoculated leaf) and stem was reduced. However, the mechanism involved in this SAR still remains unknown and the performance of such SAR under field conditions has not been investigated.
In this study, we evaluated the ability of a weakly virulent isolate of L. biglobosa (PG-1) and the elicitor salicylic acid to induce resistance in B. napus against blackleg disease caused by virulent isolates of L. maculans (PG-2, PG-3, and PG-4) in both the greenhouse and the field. The activity of four PR proteins (chitinase, β-1,3-glucanase, peroxidase [PO] , and phenylalanine ammonia lyase [PAL]) also was measured.
MATERIALS AND METHODS
Preparation of inoculum. Isolates PL84-12 (PG-1) and PL86-12 (PG-2) were isolated from canola fields in Manitoba. Isolates PL89-18 (PG-3) and PL89-12 (PG-4) were from Australia. Each isolate was retrieved from mineral oil with myce-lia or pycnidia grown on slants of potato dextrose agar (PDA). After retrieving the isolates from storage, the cultures were grown on V8 agar medium (200 ml of V8 juice, 0.75g of CaCO 3 , and 15 g of agar in 800 ml of distilled H 2 O) and then single spored. The isolates were passed once through canola cv. Westar (very susceptible to blackleg pathogen) to maintain their virulence and then grown on V8 for 14 days under continuous cool-white fluorescent light at 20ºC. Sporulating cultures were flooded with 10 to 15 ml of sterile distilled water and gently scraped with a flamed glass rod to release spores from pycnidia. The pycnidiospores were harvested by filtering through sterilized Miracloth (Calbiochem) and centrifuged at 9,000 rpm for 20 min. The supernatant was decanted and the spore pellet was resuspended in approximately 1 ml of sterile distilled water and stored as a concentrate at -20ºC. Each pycnidiospore suspension was prepared at 1 × 10 7 spores/ml and used in the inoculations.
Experiments on cotyledons. B. napus cvs. Westar (highly susceptible) and Invigor 2153 (Liberty Link, moderately susceptible) were seeded and grown in MetroMix in a growth chamber (16 and 21ºC, night and day, with a 16-h photoperiod). Pycnidiospores of each isolate were inoculated onto wounded cotyledons 7 days after seeding. PL84-12 (PG-1) was co-inoculated, pre-inoculated, and postinoculated with each of the other three isolates, PL86-12 (PG-2), PL89-18 (PG-3), or PL89-12 (PG-4). Cotyledons treated solely with each of the PG isolates mentioned above served as controls. Pre-and post-inoculations were done at 12, 24, or 48 h relative to the initial inoculation. Each cotyledon was wounded once with a sterile needle and a 10-µl droplet of pycnidiospore suspension was pipetted onto the wound. The inoculated cotyledons were allowed to dry at least 12 h before the next application of watering. After inoculation, cotyledons were incubated in the same growth chamber. Twelve days after the last inoculation, percent lesion/leaf area (PLLA) on cotyledons was measured using the disease analysis computer program "Assess" (1) , where PLLA = (lesion area/leaf area) × 100. Seventy-two cotyledons were measured per treatment. The experiment was repeated once. Because the same isolates were used in all greenhouse experiments, they will be referred to only as PG-1, PG-2, PG-3, and PG-4 isolates hereafter.
Experiments on adult plants. B. napus cv. Westar was seeded and grown in MetroMix for 1 week. Seedlings were transplanted to one plant/pot (15 cm in diameter by 14.5 cm high) containing a mix of soil:sand:peat (2:2:1, volume). The growth conditions were as described above. At the six-leaf stage, separate plants were wound inoculated with one of three reagents: sterile distilled H 2 O, salicylic acid (SA, 10 mM), or PG-1 spore suspension on the lowest leaf of each plant. Twenty-four hours later, all plants were wound inoculated with 10 µl of PG-2 spore suspension on a leaf just above the preinoculated leaf. The plants with initial inoculation of PG-1 also were inoculated with PG-2 on the upper leaves either at 48, 72, 96 or 120 h. Each treatment contained 50 plants with a total of 100 plants from two repetitions. PLLA on PG-2-inoculated leaves was measured 12 days after the inoculation of PG-2.
Assays for PR enzymes. One-week-old cotyledons of Westar were wound inoculated with a 10-µl droplet of the following reagents: (i) sterile distilled H 2 O, (ii) PG-1 spore suspension, (iii) PG-2 spore suspension, or (iv) PG-1 pre-inoculation followed by PG-2 24 h later. After PG-2 inoculation, the cotyledons of each treatment were sampled at 0, 6, 12, 24, 48, 72, 96, and 120 h for the estimation of activity of the defense-related enzymes chitinase, β-1,3-glucanase, PO, and PAL. Each treatment consisted of 96 plants (two cotyledons/plant) and 12 plants per treatment were sampled each time.
Chitinase assay. Harvested cotyledons were homogenized immediately with liquid nitrogen using a pestle and mortar. Powdered sample (1 g) was ground in 1 ml of 0.1 M sodium citrate buffer (pH 5.0) at 4ºC. The homogenate was centrifuged at 4ºC for 10 min at 10,000 × g. Determination of chitinase activity was based upon Boller and Mauch's protocol (7). Because chitinase activity was assayed by following the release of N acetyl glucosamine (GlcNac) from colloidal chitin, the enzyme activity was expressed as nanomoles of equivalent GlcNac per minute per milligram of protein.
Protein content in each extracted sample was calculated based on a standard curve constructed with bovine serum albumin (EC 232-936-2; Sigma Chemical Co., St. Louis, MO).
β-1,3-Glucanase assay. Cotyledons were homogenized with liquid nitrogen using a pestle and mortar. The sample (1 g) was ground in 1 ml of 0.05 M sodium acetate buffer (pH 5.0) at 4ºC. The homogenate was allowed to react with 0.4% laminarin (EC 2327124; Sigma) for 10 min at 40ºC. The β-1,3-glucanase assay was based on the release of reducing glucose equivalent from laminarin as described by McCleary and Shameer (25) ; therefore, specific activity was expressed as micrograms of equivalent glucose per minute per milligram of protein.
PO assay. Fresh cotyledon tissue (1 g) was ground in 1 ml of 0.1 M phosphate buffer (pH 7.0) using a cold pestle and mortar (4ºC). The homogenate was centrifuged at 15,000 × g at 4ºC for 15 min and the supernatant was used immediately for the enzyme assay. PO activity was determined using pyrogallol (EC 201-762-9; Sigma) as the hydrogen donor and measuring the rate of color development spectrophotometrically at 420 nm at 30-s intervals for 3 min (18) . The PO activity was expressed as change in absorbance per minute per milligram of protein.
PAL assay. PAL activity was determined as the rate of conversion of Lphenylalanine to transcinnamic acid at the absorbance of 290 nm as described by Dickerson et al. (13) . Cotyledon tissue (500 mg) was homogenized in 1 ml of cold 0.1 M sodium borate buffer (pH 7.0) containing 0.1 g of insoluble polyvinyl-pyrrolidone (PVP) using a cold pestle and mortar (4ºC). The homogenate was centrifuged for 20 min at 15,000 × g at 4ºC. The supernatant was used as the enzyme source for the assay. Samples containing 0.4 ml of enzyme extract were incubated with 0.5 ml of 0.1 M borate buffer (pH 8.8) and 0.5 ml of 12 mM L-phenylalanine (EC 200-568-1; Sigma) for 30 min at 30ºC. The reaction was terminated by adding 0.5 ml of 1 M trichloroacetic acid. The enzyme blank contained 0.4 ml of crude enzyme extract and 2.7 ml of 0.1 M borate buffer (pH 8. Preparation of blackleg PG-1 and PG-2 inoculum was as described above. The cv. Westar was used for the field experiments. PG-1 pycnidiospore suspension (1 × 10 7 spores/ml) was sprayed at seedling emergence in order to have the weakly virulent isolate present prior to any colonization of the cotyledons by natural blackleg inoculum. PG-2 (1 × 10 7 spores/ml) was inoculated 24 h later as well as at the two-to three-leaf stage. The eight treatments were as follows: (i) PG1: PG-1 inoculated alone on cotyledons; (ii) PG2: PG-2 inoculated alone on cotyledons; (iii) PG1+PG2 (1): PG-1 and PG-2 co-inoculated on cotyledons; (iv) PG1+PG2 (2): PG-1 and PG-2 co-inoculated at two-to three-leaf stage; (v) PG1-24h-PG2 (1): PG-1 inoculated first followed by PG-2 24 h later on cotyledons; (vi) PG1-24h-PG2 (2): PG-1 inoculated first followed by PG-2 24 h later at two-to three-leaf stage; (vii) PG2-24h-PG1 (1): PG-2 inoculated first followed by PG-1 24 h later on cotyledons; and (viii) PG2-24h-PG1 (2): PG-2 inoculated first followed by PG-1 24 h later at two-to three-leaf stage. In 2004, the treatment PG2-24h-PG1 (2) was changed to a noninoculated blank control (background field inoculum). Each treatment was replicated three times. The plot size was 4 by 6 m 2 with a 6-m buffer zone. The layout of the plots in the field was a completely random design (CRD) The experimental data were analyzed using SAS (ver. 8, Cary, NC) statistical program and differences among treatments were evaluated by the linear model of analysis of variance (Fisher's least significant difference).
RESULTS
Greenhouse experiments on cotyledons. In order to determine whether variances between the two repetitions were homogeneous, Levene's test was employed. For both cultivars (Westar and Invigor 2153), the test was not significant at P < 0.05, indicating that variances were homogeneous across repetitions. Therefore, data from the two trials were combined.
Treatments with blackleg isolates PG-2, PG-3, and PG-4 inoculated alone produced larger lesions than that of isolate PG-1 inoculated alone on cvs. Westar and Invigor 2153 (Table 1) . Lesion size was smaller in all PG-1 pre-inoculated treatments compared with PG-2, PG-3, and PG-4 inoculated alone. The lesion sizes on Westar plants treated with PG-1 preceding PG-2, PG-3, or PG-4 at different time intervals, or PG-1 co-inoculated with each of virulent isolates, were not significantly different from PG-1 inoculated alone (Table 1). However, lesion sizes on Invigor 2153 plants inoculated with PG-1 preceding PG-4 at 24 h were significantly different from PG-1 isolate inoculated alone ( Table 1 ). The lesion sizes in all PG-1 preinoculated treatments on Westar were always <1%. Lesion sizes on Westar plants treated with PG-2, PG-3, and PG-4 inoculated alone were 5-to 17-fold larger than the PG-1 pre-inoculated treatments. When PG-2, PG-3, or PG-4 were inoculated first, followed by PG-1, lesion size on both cvs. Westar and Invigor 2153 generally was equal to or larger than the corresponding virulent isolates inoculated alone. The lesion size of the treatment with PG-4 inoculated prior to PG-1 on Westar plants became larger with time (8.5, 11.8, and 14.1% at 12, 24, and 48 h, respectively). Similar results were obtained on cv. Invigor 2153.
Greenhouse experiments on adult plants. The PLLA in H 2 O pre-application treatment followed by PG-2 on upper leaves was significantly higher than that of the treatments with SA or PG-1 preapplication (Fig. 1) . The lesion size of the SA pre-treatment was not significantly different from the lesion size in PG-1 pretreatments. The PLLAs of PG-1 preinoculated followed by PG-2 on the upper leaves at different time intervals (up to 120 h) were not different from each other.
PR enzyme activity. All four treatments (H 2 O, PG-1, PG-2 inoculated alone, and PG-1 pre-inoculated followed by PG-2 24 h later [PG1-24h-PG2]) showed an increase in chitinase activity that declined by 96 h after inoculation (Fig. 2A) . The increase in chitinase activity in treatment PG1-24h-PG2 was much higher after inoculation compared with the other three treatments. Peak chitinase activity was at 96 h, and GlcNac reached 1,270 nmol/min/mg of protein, which was sixfold higher than that of the H 2 O treatment (GlcNac at 70 nmol/min/mg of protein).
During the first 48 h, the activity of β-1,3-glucanase was at low levels in all four treatments (Fig. 2B) . Thereafter, the activity of β-1,3-glucanase in the PG1-24h-PG2 treatment began to increase and reached a peak of the equivalent of glucose at 6,200 µg/min/mg of protein by 120 h after inoculation, which was fivefold higher than that of the H 2 O treatment (the equivalent of glucose at 1,250 µg/min/mg of protein) on the same day. PO activity increased within 24 h in all treatments (Fig. 2C) . It was greatest in the PG1-24h-PG2 treatment and peaked at 96 h with a change of absorbance of 6.9/min/mg of protein at 420 nm compared with an absorbance of 2.7/min/mg of protein in cotyledons treated with H 2 O.
PG1-24h-PG2-treated plants had an increased accumulation of PAL compared with those of the H 2 O, PG-1, or PG-2 treatments (Fig. 2D) . Enzyme activity in PG1-24h-PG2 treatment increased within 6 h of inoculation and maintained a higher level until 72 h, with cinnamic acid at 110 µmol/min/mg of protein, which was 1.8-fold higher than that of the cotyledons treated with H 2 O (cinnamic acid at 60 µmol/min/mg of protein). PAL activity started to decline after 72 h postinoculation in all treatments.
Field experiments. In 2003, blackleg disease severity in plots treated with PG-1, PG1+PG2 (1) and PG1+PG2 (2), or PG1-24h-PG2 (1) and PG1-24h-PG2 (2) was significantly reduced compared with the plots treated with PG-2 or PG2-24h-PG1 (1) and PG2-24h-PG1 (2) (Fig. 3A) . The results indicated that the PG-1 isolate, whether preinoculated (PG1-24h-PG2 (1) and PG1-24h-PG2 (2)) or co-inoculated (PG1+PG2 (1) and PG1+PG2 (2)) at early stages (cotyledon and two-to three-leaf stage), can reduce the disease severity caused by virulent isolate PG-2 under field conditions. In 2004, blackleg was more severe in all treatments than in 2003. As in 2003, treatments with PG-2 alone or PG2-24h-PG1 (1) had significantly higher disease severity than all other treatments (Fig. 3B) . PG-2 inoculation produced much higher disease pressure in the field than the natural field inoculum (noninoculated blank control). Disease severity with PG-1 alone, PG1-24h-PG2 (1), and PG1-24h-PG2 (2) was reduced compared with the plots treated with PG-2 alone, PG2-24h-PG1 (1), and the noninoculated blank control. Disease severity of treatments with PG1+PG2 (1) and PG1+PG2 (2) was significantly lower than that of treatments with PG-2 alone or with PG2-24h-PG1 (1) (similar to 2003 results), but higher than that of background field inoculum.
DISCUSSION
To our knowledge, this is the first study to demonstrate a PG-1-induced resistance to blackleg against PG-2, PG-3, and PG-4 isolates. Also, this is the first demonstration of effective PG-2 control by PG-1 under field conditions. Mahuku et al. (23) first reported weakly virulent straininduced SAR against the infection caused by a virulent strain of L. maculans in canola in the growth room. However, the PG group of the strain "2373" used in their study was not reported. The co-infection and coexistence of highly virulent and weakly virulent strains in a single blackleg leaf lesion were confirmed both by culture morphology and polymerase chain reaction detection (23) . However, the time it takes for the defense response during the interaction between the highly virulent and weakly virulent isolates is important. On cotyledons, disease reduction was noticed only in treatments when PG-1 was pre-or co-inoculated with PG-2, PG-3, and PG-4 isolates. When PG-2, PG-3, and PG-4 were inoculated first, followed by PG-1, an increased lesion size occurred in some treatments. This might have resulted from virulent isolates weakening the plant's defense and then facilitating PG-1 colonization, causing further infection. This also may occur under natural field conditions; however, the weakly virulent isolate is known to cause infections later in the season (36) .
According to Baker (3) , SAR is a general, nonspecific defense response in plants that develops after localized attack by viral, bacterial, or fungal pathogens. PG-1 isolate of L. biglobosa used in this study is considered weakly virulent because it causes superficial lesions on canola plants. Roussel et al. (30) observed that wound inoculation with an incompatible isolate on a resistant cultivar induces lignifications in leaf vascular bundles, resulting in an HR. In the greenhouse, PG-1-induced resistance on the cotyledons showed characteristics similar to HR because inoculation was on the same wounding site. Wounding may be a potential causal factor of HR; however, from our experiment, it was clearly evident that reduced disease was seen in co-inoculated plants compared with PG-2, PG-3, or PG-4 inoculated individually with wounding. Sequeira (31) noted that the role of wounding in induced resistance has not been determined with precision. Felton et al. (14) reported that a separate signaling pathway involving jasmonic acid is involved in systemic responses to wounding and insect herbivory. Working with weakly aggressive isolates of Bipolaris sorokiniana, Peltonen (29) was able to show that wounding alone did not induce PAL.
Inoculations with PG-1 at the six-leaf stage provided some evidence for SAR. When plants were pretreated with the PG-1 isolate on lower leaves and then treated with PG-2 on the upper leaves, resistance was observed. SA, a well known elicitor of SAR, provided a similar defense response to that of PG-1 treatment, indicating that PG-1 may be involved in inducing the SA pathway.
If SAR occurs in the plants, defenserelated enzymes will be activated (34). Biles and Martyn (6) found that PO isozymes were greatly enhanced in watermelon seedlings inoculated with an avirulent race of F. oxysporum f. sp. niveum. The increase in activity of chitinase, β-1,3-glucanase, PO, and PAL in plants treated with PG-1 (pre-application) indicated that the defense genes coding for these enzymes are induced by the stimulus PG-1 isolate through a signal pathway, probably the SA pathway. Chitinase and β-1,3-glucanase are lytic enzymes potentially acting on cell walls of organisms that have chitin and glucan as their cell wall component and they can be induced in the plant system (25) . PO represents a component of early response in plants to pathogen attack and plays a key role in the biosynthesis of lignin, which limits the extent of pathogen spread (5) . PAL is the principal enzyme involved in the phenyl propanoid pathway and promotes the production of phytoalexins, terpenes, and phenolic substances leading to formation of lignin with the help of POs (12) .
Two years of field trials suggested that PG-1 inoculated alone or 24 h prior to PG-2 inoculation significantly reduced disease severity by L. maculans.
Both ascospores and pycnidiospores of L. maculans can be the primary inoculum source of blackleg disease; however, ascospores are more important in causing yield loss by causing stem cankers during the growth period from cotyledons to eightleaf stage (17) . Both weakly virulent and highly virulent isolates exist in western Canada (36) . However, weakly virulent isolates typically appear late in the season during pod maturation (36) and they can have compatible interactions on aging host tissue, causing infections under high temperatures (2) . This may be why PG-1-induced resistance has not been observed in farmer's fields. The application of PG-1 pycnidiospores prior to the natural infection by PG-2 might effectively induce resistance and significantly decrease infection and disease caused by the virulent isolates.
Induced resistance is a manageable trait and is unlikely to break down with a change in pathogen populations. This is important particularly at a time when the blackleg pathogen population seems to be changing in western Canada and in the north-central United States (8, 11, 15) . Moreover, induced resistance to blackleg can be functional even in susceptible canola cultivars; this could benefit both farmers and canola breeders greatly because many currently used Canadian cultivars lack resistance to the highly virulent PG-3 and PG-4 isolates (W. G. D. Fernando and Y. Chen, unpublished data).
